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SUMMARY 
The purpose of this research was to determine the carbon 
isotopic ratios of the carbonaceous matter present in meteor- 
ites and related terrestrial materials, and to construct the 
necessary mass spectrometric apparatus to effect these 
measurements, Emphasis was placed on the carbon isotopic 
composition of carbonaceous chrondrites, graphite nodules 
of iron meteorites, and some organic geochemical samples of 
presumed igneous or geothermal origin. The need for this - 
work was based on the relative scarcity of isotopic measure- 
ments on terrestrial and extraterrestrial samples, and the 
inconsistency of those which were available. It was also 
considered that measurements on particular chemical fractions. 
of the samples may demonstrate errors in the early work 
and provide more meaningful information. 
obtention of relevant isotopic data, the most time consuming 
aspect was the design, construction, and testing of the 
necessary apparatus and instrumentation, The design objective 
to build an instrument that could+measure isotope ratio 
differences for carbon to within -.05 parts per mil was 
accomplished. To meet this goal in a limited time schedule, 
design construction and testing phases were run concurrently. 
The pretreatment apparatus, sample preparation, sample intro- 
duction, mass spectrometric instrumentation, and data handling 
equipment were built while the sample acquisition, fraction- 
ation, and analytical chemical composition were performed, 
The latter was done by means of an LKB 9000 gas chromatograph- 
mass spectrometer. The specific isotopic analytical objectives 
included careful selection of samples, separation of any carbon- 
aceous material into some major fractions, and quantitative 
versioT20f these fractions into carbon dioxide from which the Frs and C 
With f3is12ew instrument, the following findings were made: 
(1) The C / C  ratio of several graphite-troilite nodules of 
iron meteorites gave an average value of -7 per mil which, 
interestingly enough, coincides with the value for terrestrial 
igneous carbon (diamond or carbonatites) of presumed primordial 
origin. (2) After appropriate treatment with acids, values of 
approximately +60 per mil for the carbonate of the Orgueil 
meteorite and -12 to -30 per mil for the reduced carbon of 
various carbonaceous chondrites were. obtained. Therefore, the 
carbonate of Orgueil could not have been in equilibrium with any 
biota on the meteorite parent body. ( 3 )  Thelincpiyistent results 
obtained previously by other authors on the C / C  ratio of 
carbonaceous chondrites were probably the result of the admixture 
in different proportions of the above two carbon phases: oxidized 
(carbonate) and reduced carbon. (4) Values obtained for some 
organic geothermal inclusions which had been fractionated into 
paraffinic, aromatic, and polar fractions, gave typical values 
corresponding to material of biological origin. Therefore, their 
presumed igneous origin is probably incorrect. 
results any future work on carbon isotopes of carbonaceous chondrites, 
or, for that matter, an any samples, should be preceded by a careful 
separation into at least the above major phases if the results 
must have a meaningful interpretation. 
Although the principal experimental objsctive was the 
isotopes could be measured. 
On the basis of these 
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INTRODUCTION 
Many i n v e s t i g a t i o n s  have been c a r r i e d  o u t  i n  r e c e n t  
yea r s  t o  de te rmine  t h e  n a t u r e  and amount of organic  m a t -  
t e r  p r e s e n t  i n  me teo r i t e s ,  e s p e c i a l l y  those  c l a s s i f i e d  a s  
carbonaceous chondr i tes .  
t h i s  a r e a  have been led t o  widely varying conclusions i n  
i n t e r p r e t i n g  t h e i r  experimental  r e s u l t s .  An e s p e c i a l l y  
r e l e v a n t  ques t ion  which has  n o t  been so lved  i s  which of 
the  organic  conzponents i d e n t i f i e d  i n  me teo r i t e s  are 
terrestrial  contamination, and a l t e r n a t i v e l y ,  what p a r t  
of t h e  organic  matter i s  indigeneous.  The ex tens ive  
i n v e s t i g a t i o n s  c a r r i e d  ou t  i n  r e c e n t  yea r s  t o  s tudy 
carbon i so tope  f r a c t i o n a t i o  i n  t e r r e s t r i a l  materials 
have e s t a b l i s h e d  t h a t  t h e  C '3,c1~ i so tope  r a t i o  f a l l s  
w i th in  a well def ined  and rather narrow range f o r  all.  
t e r res t r ia l  carbon bear ing  m a t e r i a l s  A measurement of 
t h e  s t a b l e  carbon i so tope  r a t i o  of t h e  organic  components 
may then  provide the a d d i t i o n a l  evidence necessary t o  
d i s t i n g u i s h  me teo r i t e  indigeneous organic  mat te r  from 
t e r r e s t r i a l  contamination. 
The i n v e s t i g a t o r s  working i n  
The i n v e s t i g a t i o n s  by Boato (I) have shown t h a t  
certain s i g n i f i c a n t  s t a b l e  carbon i so tope  v a r i a t i o n s  do 
e r S s t & n  m e t e o r i t i c  organic  ma te r i a l .  
C / C  r a t i o s  from chondr i tes  w i t h  t h e  following- r e s u l t s .  
H e  has measured 
Meteori te  C l a s s i f i c a t i o n  ti cX3 p a r t s  pe r  n i l  
Carbonaceous chondr i tes  -3 .7 t o  - 1 1 . 4  
QLivine-pigeonite chondr i tes  -12 .9  t o  -18.8 
Ol iv ine-bronzi te  chondr i tes  -24 
Qne e n s t a t i t e  chondr i t e  (-) 1 2 . 9 .  
(Indarch) 
These va lues  show a c o n s i s t e n t  sequence from carbonaceous 
cl ion8ri tes  through o l iv ine -p igeon i t e  chondr i t e s  t o  
Ql iv ine -b ronz i t e  chondr i tes  w i th  t h e  e n s t a t i t e  chondr i te  
showing a c l o s e  r e l a t i o n s h i p  t o  carbonaceous chondr i tes .  
Boato states t h i s  y y 1 d  ' 'possibly r e p r e s e n t  a prcf -  
e r e n t i a l  loss  of C dur ing  t h e  process  i n  which the 
v o l a t i l e s  w e r e  l o s t  from t h e  o r i g i n a l  m a t e r i a l  from which 
ehe var ious  groups of carbon were formed. Type 3: 
carbonaceous chondr i tes  are probably c l o s e s t  i n  bulk 
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composition t o  t h i s  o r i g i n a l  material. On t h e  o t h e r  
hand., accumulation i n  i s o t o p i c a l l y  d i f f e r e n t  carbon 
compounds can n o t  be ru l ed  ou t  as an explanat ion. ' '  I t  
i s  obvious t h a t  ana lyses  of i n d i v i d u a l  f r a c t i o n s  of 
m e t e o r i t i c  m a t e r i a l  would y i e l d  a d d i t i o n a l  information 
on t h e  n a t u r e  and genes is  of t h e  material. 
I n  a r e c e n t  paper,  Hayes ( 2 )  has reviewed r e c e n t  
d a t a  on i so tope  r a t i o  s t u d i e s ,  some of which a r e  i n  
agreement with Boato's  b u t  some of which are i n  d isagree-  
ment ,  "so t h a t  t h e  s i t u a t i o n  i s ,  a t  t h e  moment, unc lea r , "  
I t  would appear t h a t  t h e  t e n t a t i v e  conclusions reached, 
namely: ( a )  t h a t  some forms of m e t e o r i t i c  carbon have 
i so tope  r a t i o s  which l i e  ou t s ide  t e r r e s t r i a l  ranges and 
(b)  
r icher i n  C than i n  ord inary  chondr i t e s ,  need f u r t h e r  
t e s t i n g ,  t o  say t h e  l e a s t .  
t h a t  tIj5 carbon i n  carbonaceous chondr i tes  may be 
T h e  measurement of t h e  CL3/C12 r a t i o s  i n  t h e  in-  
so lub le  and d i f f e r e n t  e x t r a c t a b l e  f r a c t i o n s  of m e t e o r i t i c  
organic  mat te r  and r e l a t e d  t e r r e s t r i a l  m a t e r i a l s  has 
t h e r e f o r e  been c a r r i e d  o u t  in t h i s  s tudy.  This method 
has received. l i t t l e  a t t e n t i o n  by those s tudying m e t e o r i t i c  
organic  mat te r  even though it o f f e r s  cons iderable  promise 
i n  i d e n t i f y i n g  terrestrial  contaminants,  and perhaps 
even more important  may provide d a t a  on the  mechanism by 
which these compounds were formed. 
I n  o rde r  t o  o b t a i n  CX3 i s o t o p i c  d a t a  w i t h  t h e  nec- 
e s sa ry  accuracy r equ i r ed  t o  be a b l e  t o  a r r i v e  a t  mean- 
i n g f u l  conclusions concerning t h e  source  and mechanism 
of formation of m e t e o r i t i c  organic  ma t t e r ,  a p r e c i s e  
i so tope  r a t i o  measurement system w a s  designed, construc-  
t e d ,  amd eva lua ted  t o  determine i t s  c a p a b i l i t i e s .  The 
design o b j e c t i v e  w a s  t o  c o n s t r u c t  a system capable of 
measuring carbon i so tope  r a t i o  d i f f e r e n c e s  w i t h  a p r e c i s -  
ion  of & 0 .005  percent .  Some articles (3-6) have been 
published r e c e n t l y  desc r ib ing  var ious  a spec t s  of i so tope  
r a t i o  ins t rumenta t ion ,  b u t  no complete and comprehensive 
d e s c r i p t i o n  of a high p r e c i s i o n  measurement system h a s  
been presented i n  r e c e n t  yea r s .  
s u f f i c i e n t  t o  allow one t o  f a b r i c a t e ,  assemble and 
ope ra t e  a complete i so tope  r a t i o  measurement system i s  
given. The system descr ibed  he re  inco rpora t e s  t h e  most 
modern e l e c t r o n i c s  a v a i l a b l e ;  and it i s  s impler  t o  
A detai led.  d e s c r i p t i o n  
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opera te ,  less t i m e  consuming, and more re l iable  than  
previous ly  r epor t ed  instruments .  
D E S I G N  AND CONSTRUCTION O F  INSTRUMENTATION 
Fundamental P r i n c i p l e s  of t h e  
Ins t rumenta l  Technique 
The measurement system is  composed of t h r e e  p r in -  
c i p a l  subsystems, a sample p repa ra t ion  subsystem, a 
sample i n l e t  subsysten,  and t h e  gas a n a l y s i s  subsystem 
as shown i n  Fig.  1. The sample p repa ra t ion  subsystem 
conta ins  a vacuum system, furnaces ,  p re s su re  gauges, and 
d i s t i l l a t i o n  t r a p s  f o r  burning samples under c o n t r o l l e d  
Conditions designed t o  convert  a l l  carbonaceous mat te r  
p re sen t  t o  carbon dioxide.  The sample i n l e t  subsystem 
c o n s i s t s  p r imar i ly  of a p a i r  of c a p i l l a r y  leaks  and a 
switching valve t h a t  d i r e c t s  f i r s t  a s tandard  carbon 
d ioxide  and then t h e  unknown sample i n t o  t h e  gas a n a l y s i s  
Bubsys-tem. The gas a n a l y s i s  subsystem c o n s i s t s  of a m a s s  
spectrometer and a s soc ia t ed  r a t i o  recording e l e c t r o n i c s .  
A s tandard  gas i s  f i r s t  d i r e c t e d  i n t o  t h e  massl2 16 spectrometer and t h e  m a s s  4 4  i on  beam composed. of C O 2  is sTgarafgd from t h e  mass 45 beam which c o n s i s t s  mostly 
Of C- 0 . A dua l  c o l l e c t o r  simultaneously c o l l e c t s  
both peal& s e p a r a t e l y .  
t h i s  paper mass 46  i s  a l s o  c o l l e c t e d ,  The more i n t e n s e ,  
&ass 4 4  ion c u r r e n t  of t h e  s tandard  gas  i s  divided by a 
c a l i b r a t e d  p r e c i s i o n  decade vol tage  divid-er u n t i l  t h e  
minor ion  c u r r e n t  of t h e  m a s s  45 beam is  nu l l ed  ou t .  
Phis  n u l l  p o s i t i o n  i s  recorded on a po ten t iome t r i c  
recorder .  
then directed i n t o  the ion  source  by a c t u a t i n g  a gas  
stniitching valve.  Any d i f f e r e n c e  i n  i s o t o p e  r a t i o  w i l l  
Cause a dev ia t ion  from the  previous ly  e s t a b l i s h e d  n u l l  
S e t t i n g s .  This d i f f e r e n c e  is determined by r e t u r n i n g  
;the system t o  a n u l l  p o s i t i o n  us ing  t h e  vo l t age  d i v i d e r  
and not ing  t h e  new s e t t i n g s  requi red  t o  rebalance t h e  
system. This measurement is d i r e c t l y  r e l a t e d  t o  t h e  d i f -  
f e r ence  i n  i so tope  r a t i o s  of a s tandard  and an unknown 
gas, Resul t s  are usua l ly  r epor t ed  as t h e  d i f f e r e n c e ,  6 ,  
I n  t h e  c o l l e c t o r  descr ibed i n  
The sample of unknown i s o t o p i c  composition is  
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i n  p a r t s  p e r  m i l  (o/oo) between the  unknown gas and 
s tandard  gas der ived  from a carbonate  geo log ica l  sample 
known as PeeDee Belemnite (PDB) where: 
R = unknown vo l t age  d i v i d e r  R 6 = 1-1 - Rs x 1 0 0 0  
13 12 v 
RS s e t t i n g  = C / C  
Rs = s tandard  vol tage  d-ivid-er 
13 12 s e t t i n g  = C /C 
Sample Prepara t ion  Subsystem 
The i n i t i a l  s t e p  i n  making a s t a b l e  carbon i so tope  
r a t i o  measurement i s  t h e  conversion t o  carbon d iox ide  of 
t h e  carbonaceous mat te r  p r e s e n t  i n  t h e  sample. T h i s  
provid-es a "working gas" which can then  be introduced 
i n t o  t h e  gas ana lyzer  through a s u i t a b l e  sample i n l e t .  
The conversion i s  accomplished by combusting t h e  sample 
over a c a t a l y s t  a t  high temperature i n  an excess of pure 
oxygen and i s o l a t i n g  t h e  product  carbon di0xid.e from the 
w a t e r  and excess oxygen by f r a c t i o n a l  d i s t i l l a t i o n  e The 
most important  s i n g l e  f a c t o r  t o  be considered i n  sanple  
p repa ra t ion  i s  t h e  p o s s i b i l i t y  of f r a c t i o n a t i n g  t h e  
sample and thereby causing a d e v i a t i o n  i n  the measured 
i so tope  r a t i o  from t h e  t r u e  i so tope  r a t i o  i n  t h e  o r i g i n a l  
sample. The s u r e s t  way t o  prevent  such f r a c t i o n a t i o n  i s  
t o  comsletely cornbust a l l  carbon i n  t h e  sample and t o  
q u a n t i t a t i v e l y  c o l l e c t  t h e  product carbon d ioxide .  T h i s  
can be  insured  by c a r e f u l  checks f o r  complete combustion 
and by always f r e e z i n g  o u t  t h e  carbon d ioxide  t o  less 
than one micron p res su re .  An a d d i t i o n a l  important consid- 
e r a t i o n  i s  t h e  p o s s i b l e  in t roduc t ion  of contaminants 
dur ing  sample handl ing and c r o s s  contamination between 
samples due t o  incomplete corrbustion. 
Fig.  2 shows a schematic diagram of t h e  vacuum 
system used i n i t i a l l y  f o r  sample p repa ra t ion  which i s  
s i m i l a r  t o  t h a t  descr ibed  by Cra ig  ( 7 ) .  The  furnace 
tubes  a r e  one inch diameter  fused qua r t z .  This s y s t e n  
c o n s i s t s  of comrnon r e a d i l y  a v a i l a b l e  components as seen 
i n  t h e  photograph of Fig.  3 .  Heating i s  c o n t r o l l e d  by a 
v a r i a b l e  t ransformer or  pyroneter  c o n t r o l l e r .  Low 




couple gauge tube us ing  a readout-control  cons t ruc ted  i n  
t he  labora tory .  The roughing vacuum c o n s i s t s  of a 40 
l i t e r  per  min two s t a g e  r o t a r y  mechanical pump. T h e  
high vacuum system c o n s i s t s  of a 60 mm diameter three 
s t a g e  mercury d i f f u s i o n  pump backed by a 280  l i t e r  pe r  
min two s t a g e  r o t a r y  mechanfcal pump. 
s u f f i c i e n t  pumping t o  evacuate t h e  1 .5  l i t e r  volume of 
t h e  furnace and combustion t r a i n  from atmospheric pres-  
s u r e  t o  less than one micron i n  approximately t h r e e  min- 
u t e s  
T h i s  provides  
The above descr ibed  sample p repa ra t ion  subsystem 
involves  a complex ope ra t iona l  procedure and r e q u i r e s  a 
r e l a t i v e l y  complicated vacuum system. The use of a 
Toepler pump i s  f r augh t  w i t h  many d i f f i c u - l t i e s ,  t h e  most 
undes i rab le  being t h e  formation of mercury "hammers" i f  
atmospheric l eaks  develop. This  a c t u a l l y  occurred dur ing  
t h e  course of t h e  work descr ibed he re  and. r e s u l t e d  i n  
mercury being d r iven  inT.0 t h e  h o t  sample combustion fu-r- 
nace, I t  was a l s o  d i f f i c u l t  t o  ob ta in  reproducib le  
r e s u l t s  us ing  t h e  above sample p repa ra t ion  system, b u t  
t h i s  may have been due t o  a leaky combustion tube,  I n  
order  t o  s impl i fy  t h e  sample p repa ra t ion  procedure and 
provide a. more r e l i a b l e  technique, a n  a l t e r n a t e  sample 
p repa ra t ion  subsystem was designed and cons t ruc ted .  It  
should be noted, however, t h a t  t h e  o l d e r  Craj-g-type 
sainple p repa ra t ion  technique i s  used i n  most l a b o r a t o r i e s  
and g ives  good r e s u l t s .  
A schematic diagram of t h e  a l t e r n a t e  sample prep- 
a r a t i o n  subsystem i s  shown i n  Fig.  4 .  Tank oxygen i s  
admitted t o  t h i s  system w i t h  no p u r i f i c a t i o n .  Resul t s  of 
sample runs given i n  Table I i n d i c a t e  t h e r e  i s  no ' s ign i f -  
i c a n t  e f f e c t  on r e p r o d u c i b i l i t y  when oxygen p u r i f i c a t i o n  
i s  omit ted,  The system i s  cons t ruc ted  of Pyrex g l a s s .  
The furnace  i s  a standard. model 8-in. Hevi-Duty combus- 
t i o n  furnace c o n t r o l l e d  by a pyrometer c o n t r o l l e r .  It  i s  
capable of reaching t h e  ope ra t ing  temperature of 900°C i n  
15 mins. The thermocouple gauge, rough vacuum and high 
vacuum components are descr ibed previous ly  f o r  t h e  Craig- 
type Subsystem. The combustion tube i G  Vycor and i s  
shown i n  d e t a i l  i n  Fig.  5,  
maigtain a temperature of 550 C while  the  sample i s  a t  
900 C i n  t h e  c e n t e r  of t h e  furnace body. T h e  tube  i s  
sea l ed  t o  t h e  O-ring seal through a graded j o i n t .  The 





EFFECT O F  OXYGEN PURIFICATION ON PRECISION 
Measured 4- Oxygen Avg.  - 
Treatment $c13 (o/oo)* Std.  Dev, 
NBS Oxalic A c i d  P u r i f i e d  4-21 ,61  
NBS Oxal ic  Acid P u r i f i e d  4-21.66 
NBS Oxal ic  Acid P u r i f i e d  4-21.56 










-21.51 4 0 .07  
:: 6CI3 r e l a t i v e  t o  a gas of unknoQn i s o t o p i c  composition 
placed in t h e  sample side of t h e  c a p i l l a r y  i n l e t  l eaks .  
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O-ring seal  i s  made by Corning and r e q u i r e s  only a very 
minimal amount of grease.  The copper oxide w a s  prepared 
a s  be fo re  and t h e  s i l v e r  wool can be purchased from most 
chemical s u p p l i e r s .  
Sample I n l e t  Subsystem 
The sample i n l e t  subsystem which se rves  t o  in t roduce  
the  carbon d ioxide  t o  t h e  mass spectrometer  under care- 
f u l l y  c o n t r o l l e d  and reproducib le  cond i t ions ,  i s  shown 
schemat ica l ly  i n  Fig.  6 and as constructed- i n  Fig.  7. The  
vacuum system is i d e n t i c a l  t o  t h a t  f o r  sample prepara t ion .  
The mercury l e v e l s  i n  t h e  p i s t o n s  are c o n t r o l l e d  by two 
way stopcocks on t h e  r e s e r v o i r s .  Pressures  g r e a t e r  than  
one atmosphere a r e  obtained by p i p e t t e  bulbs  when nec- 
essary .  The c a p i l l a r y  leaks  and t h e  gas switching valve 
assembly are th.e c r i t i c a l  p o i n t s  i n  t h i s  subsystem. T h e  
c o i l s  which energ ize  t h e  switching va lves  must be 
cons t ruc ted  so  t h a t  t h e  va lves  c l o s e  ' t i g h t l y  b u t  do n o t  
s t r i k e  t h e  s e a t  so hard a s  t o  cause chipping a f t e r  repea t -  
ed use. T h e  c o i l s  i n  t h e  v a l v e ' s  used i n  t h i s  s tudy w e r e  
wound i n  t h e  l abora to ry  and a r e  twb inches  i n  he igh t  and 
con ta in  8 0 0  t u r n s  of 22-gauge w i r e .  The c o i l s  are ac- 
tua t ed  by a power supply providing 1 1 0  mA a t  1 0 0  v o l t s .  
The c a p i l l a r y  l eaks  cons t ruc ted  of s o f t  annealed n i c k e l  
are 0,004 i n .  i . d  (0 .030  o ,d )  and 30 i n .  i n  l ength .  
They are sea l ed  i n t o  the Pyrex g l a s s  w i t h  Kovar seals.  
The l eaks  are wrapped with g l a s s  wool and aluminum f o i l  
i n s u l a t i o n  t o  maintain thermal s t a b i l i t y  as f l o w  through 
t h e  l eaks  i s  h ighly  dependent on temperature.  The in-  
s u l a t i o n  was necessary because t h e  a i r  condi t ion ing  o u t l e t  
blows d i r e c t l y  onto  t h e  leaks .  A hea t ing  t ape  i s  bur ied  
i n  t h e  i n s u l a t i o n  f o r  baking t h e  leaks a t  pe.riodic in-  
t e r v a l s  which aids considerably i n  reducing t h e  no i se  
l e v e l  when record ing  r a t i o s .  Since t h e  measured r a t i o  
can vary w i t h  t o t a l  ion  beam i n t e n s i t y ,  f l u c t u a t i o n s  i n  
gas f l o w  cause d r i f t  of t h e  r a t i o  n u l l  p o s i t i o n  and m u s t  
be avoided. A thermosta t ted  oven housing t h e  l eaks  i s ,  
t h e r e f o r e ,  p re fe r r ed .  
Mass Spectrometer Instrumentat ion 





















spectrometer of the isotope ratio measurement system is 
presented. The photographs, Figs, 8 and 9, show the 
completed apparatus. The individual drawings and sche- 
matics demonstrate the economy and simplicity of the mass 
spectrometer. Of necessity, the description of the mass 
spectrometric instrumentation is further broken d-own into 
smaller subsystems including (1) the fundarrental ion 
optics, (2) the vacuum system and its related acces- 
sories, ( 3 )  the ionizer, (4) the ionizer (ion source) 
control, (5) the ion beam focus and direction control, 
(6) the ion accelerating energy supply, (7) the ion 
beam momentum separating magnet, ( 8 )  the dual ion collec- 
tor, and (9) the dual ion current null ratio measurement 
and display system. The following discussion of this 
apparatus not only shows the uniqueness of some of the 
components, but also provides for the first time a single 
unified explanation to the whole isotope ratio mass 
spectrometer instrumentation. 
Fundamental ion optics, - The fundamental ion optics 
are applicable in general for all momenturn focussing mass 
spectrometers In the particular case of this instrumen.t 
the GO degree defl-ection, 20 cm radiusr normal entry, 
symmetrical system was chosen, The source slits were s e t  
at 0.33 mm while the collector slits were set at 1.14 mvn 
Electrical beta axis direction focus plates were used. to 
improve sensitivity and to facilitate optical align?;ten-t, 
The mechanical superstructure was constructed to accom- 
modate these paraheters. 
The above choices were based on the fact that the 
masses to be separated are 44, 45, and 46, and further, 
that these associated ion beams must have wide flat tops 
and no contribution of one to the other (often referred 
to as "tailing"). In the conventional sense, resolution 
becomes meaningless and dipersion and stability becone 
the dominating factors. 
for the ion trajectory in a magnetic instrument as conven- 
Considering the basic equation 
2 2  
m/e = k - 2v 
r e  
tionally defineq2 the results of $3is instrument were 
such that for C O2 mass 44 and C 0 mass 45; r equals 




hundred-gauss u n i t s ,  and V f o r  mass 45 w a s  4414 v o l t s  
while  V f o r  m a s s  46 w a s  4320 v o l t s  as shown i n  t h e  vo l t age  
response p l o t  of Fig.  1 0 .  The mass 45 ion  beam peak 
showed no measurable change i n  i n t e n s i t y  over a 26 v o l t  
range i n  V and no measurable c o n t r i b u t i o n  of mass 44  t o  
m a s s  45 w a s  encountered. The ion  beam i n t e n s i t i e s  given 
are t y p i c a l  of those  obtained i n  t h e  measurements of 
ra t ios .  
The vacuum system. - The vacuum system i s  t r u l y  
a n c i l l a r y .  The system and i t s  related accesso r i e s  evolved 
from t h e  basic needs f o r  pumping speed, no contamination, 
s u f f i c i e n t  mean f r e e  pa th ,  and c a r e  f r e e  opera t ion .  
S t a i n l e s s  steel  and conventional copper gasket  seals w e r e  
used whenever poss ib l e .  A co ld  cathode s p u t t e r  i on  pump 
was cons t ruc ted ,  The i n t e r n a l  assemblies of t h i s  pump 
a r e  shown i n  t h e  photograph, Fig.  11, The e s s e n t i a l  
design parameters are 330 s t a i n l e s s  s tee l  c y l i n d r i c a l  
anode cel ls  1 / 2  i n ,  i n  diameter by 3/4 i n ,  i n  l eng th  
w i t h  a w a l l  th ickness  of 0 .015  i n .  i n  an e lectr ic  f i e l d  
of n ine  kV and a magnetic f i e l d  of 25 hundred gauss u n i t s .  
The cathodes a r e  cons t ruc ted  of s tandard  type 2 5 A  
t i t an ium p l a t e s  1 / 1 6  i n .  thick. CeraEet speaker type  
magnets w e r e  used t o  produce t h e  magnetic f i e l d  and a 
power supply w a s  designed and cons t ruc ted  t o  produce t h e  
e lectr ic  f i e l d .  The power supply i s  shown a t  t h e  bottom 
of photograph i n  Fig-. 9 ,  and i n  t h e  schematic diagram, 
Fig.  1 2 .  A neon-sign type t ransformer with a 15 k V  
secondary c e n t e r  tapped i s  connected t o  a t y p i c a l  f u l l  
wave rect i f ier  assembly using two s t r i n g s  of F-6 type 
diodes.  T h i s  approach is  q u i t e  simple and very adequate 
f o r  t h i s  pupping system, Typical unbaked p res su res  i n  
t h e  low LO t o r r  reg ion  w e r e  achieved even though. t h i s  
pump was used f o r  both t h e  sample and t h e  waste l i n e s .  
The p res su re  w a s  measured by a tho r i a t ed / i r id ium a11 m e t a l  
Bayard-Alpert gage tu5e c o n t r o l l e d  by a General Electr ic  
type GC130 c o n t r o l l e r  as shown on t h e  t o p  of t h e  photo- 
graph i n  Fig.  9 .  A vacuum p r o t e c t  r e l a y  t r i g g e r e d  by t h e  
gauge readout  c i r c u i t  t u r n s  off  t h e  ion  source i f  a pres-  
s u r e  surge  d r i v e s  t h e  readout  o f f  scale. The i n d i c a t e d  
pumping speed i s  about 450 l i ters  p e r  sec. Even though 
l i t t l e  care was given t o  s p e c i a l  c l ean ing ,  bakeout of t h e  
vacuum system was never necessary even a f t e r  samples con- 
t a i n i n g  s u l f u r  had been run. The s i m p l i c i t y  and ca- 






r a p i d  c a r e f r e e  ope ra t ion  of t h e  m a s s  spectrometer .  
Ion ize r .  - The i o n i z e r ,  o r  m o r e  commonly, t h e  ion  
source assembly, w a s  adapted from an Atlas-Werlre  type 
e l e c t r o n  bombardment chemical a n a l y t i c a l  u n i t .  T h i s  i s  
b a s i c a l l y  a N e i r  con f igu ra t ion  with modi f ica t ions  f o r  
organic  chemistry.  E lec t rons  w e r e  produced from a rhenium 
f i lament ,  focused i n t o  t h e  i o n i z i n g  reg ion  wi th  a 5 v o l t  
nega t ive  l ense ,  and co l l imated  with s m a l l  i n t e r n a l  per- 
manent magnets. D r a w  o u t  p l a t e s  w e r e  used i n  p l ace  of 
r e p e l l e r  p l a t e s .  F igs .  1 3  and 1 4  a r e  c l o s e  up views of 
t h e  a c t u a l  ion  source.  
Although i n t e r n a l  h e a t e r s  with a plat inum sensor  
w e r e  a v a i l a b l e  they w e r e  n o t  used f o r  t h e  carbon i so tope  
work. Adjustable  ion  co l l ima t ing  s l i t s  and b e t a  d i r e c t i o n  
focuss ing  e l e c t r o d e s  w e r e  p a r t  of t h e  ana lyzer  tube. I n  
s p i t e  of t h e  f a c t  t h a t  t h i s  i s  a very unorthodox ion  
source f o r  an i so tope  r a t i o  d i f f e r e n c e  mass spectrometer ,  
i t s  performance w a s  q u i t e  adequate and w a s  i n  no way a 
l i m i t i n g  f a c t o r .  The e lectr ical  connections t o  t h e  
e l e c t r o n i c s  console  w e r e  housed i n  a sh ie lded  p l a s t i c  
garden hose and intended. f o r  p o s s i b l e  1 0  kV opera t ion .  
I o n i z e r  c o n t r o l .  - The i o n i z e r  c o n t r o l  (shown above 
t h e  Cary e l ec t rome te r s  i n  Fig.  9 )  o r  emission r e g u l a t o r  
design and cons t ruc t ion  c o n s t i t u t e d  a major e f f o r t  and i s  
t r e a t e d  i n  d e t a i l  on t h e  schematic diagram, Fig.  15 .  
E s s e n t i a l l y  t h e  design o b j e c t i v e s  included the most s t r i n -  
gent  requirements f o r  both a n a l y t i c a l  a p p l i c a t i o n s  and 
i so tope  r a t i o  d i f f e r e n c e  work. For t h i s  reason it i s  con- 
s i d e r a b l y  more complex than necessary f o r  e i t h e r  s i n g l e  
a p p l i c a t i o n .  
LKB Productor Model 9000 u n i t .  However, it w a s  re-en- 
gineered t o  provid-e f o r  domestic components, ' g r e a t e r  
s t a b i l i t y ,  easier s e r v i c e ,  and improved r e l i a b i l i t y .  The 
fundamental approach c o n s i s t s  of a t r a n s i s t o r i z e d  multi-  
v i b r a t o r  u n i t  t o  provide 4 kHz a l t e r n a t i n g  c u r r e n t  t o  
d r i v e  t h e  e n t i r e  remaining emission c o n t r o l l e r  sub- 
assemblies. The sub-assemblies included dua l  v a r i a b l e  
e l e c t r o n  energy c o n t r o l ,  t r a p  c u r r e n t  r e g u l a t i o n ,  fil- 
ament d r i v e  power, temperature measurement coupled t o  t h e  
p ropor t iona l  source  h e a t e r ,  and v a r i a b l e  e l e c t r o n  l e n s  
p o t e n t i a l .  The gene ra l  engineer ing approach employed 
s o l i d  s ta te  c i r c u i t r y  and achieved very l o w  no i se  l e v e l s  





along w i t h  t h e  o t h e r  d e s i r e d  r e s u l t s .  
Ion beam focus and d i r e c t i o n  c o n t r o l l e r .  - The ion  
beam focus and d i r e c t i o n  c o n t r o l l e r  i s  shown between t h e  
emission r e g u l a t o r  and t h e  vacuum gauge c o n t r o l l e r  i n  t h e  
photograph, Fig.  9 .  T h i s  u n i t  i s  a s imple r e s i s t a n c e  
vol tage  d i v i d e r  network t o  provid-e t h e  drawoutp alpha 
d i r e c t i o n  focus p o t e n t i a l  and beta d i r e c t i o n  focus poten- 
t i a l .  Large c a p a c i t o r s  w e r e  provided t o  minimize t h e  
e f f e c t s  of no i se  pickup. I n  gene ra l ,  t h i s ,  j u s t  as t h e  
emission r e g u l a t o r ,  w a s  b u i l t  t o  provide f o r  o t h e r  p o s s i b l e  
a p p l i c a t i o n s  of t h e  mass spectrometer .  Due poss ib ly  t o  
inadequate r e s i s t o r  q u a l i t y ,  t h e  drawout p o t e n t i a l s ,  once 
optimized do no t  remained f ixed  from day t o  day. 
Ion a c c e l e r a t i n g  energy supply. - The ion  accel- 
e rag ing  energy was provided by a s tandard  John Fluke type 
408-B high vo l t age  power supply.  This u n i t  meets o r  
exceeds a l l  t h e  b a s i c  e lectr ical  requirements t o  provide 
necessary ion  energy. During t h e  first s t a r t  up of t h e  
mass spectrometer ,  it i s  convenient t o  be a b l e  t o  scan 
t h e  m a s s  s p e c t r a ,  T h i s  was n o t  e a s i l y  p o s s i b l e  because 
t h e  power supply i s  s t e p  c o n t r o l l e d  and t h e  d e f l e c t i o n  
magnet used w a s  a permanent magnet; t h e r e f o r e ,  t h e  i n i t i a l  
t es t  phases w e r e  somewhat t ed ious .  Once normal i s o t o p e  
r a t i o  procedure w a s  e s t a b l i s h e d ,  t h e  i n a b i l i t y  t o  mass 
scan was of no consequence; The o t h e r  advantages of t h i s  
u n i t  more than o f f s e t  t h i s  shortcoming. 
Ion beam momentum sej?arat ing magnet. - The main ion  
beam momentum s e p a r a t i n g  magnet was cons t ruc ted  from an 
Alnico VI11 permanent magnet. The assembly is shown on 
t h e  ana lyzer  s e c t i o n  photograph, Fig.  8 .  The o r i g i n a l  
b a s i c  magnet had a gap d i s t a n c e  of about 3 5/16 i n .  and. 
an area of 4 1 / 4  by 7 i n .  as def ined  by the two 1 / 2  i n .  
t h i c k  s o f t  i r o n  po le  cap p l a t e s .  I n  t h e  c e n t e r  of t h i s  
gap a f i e l d  of 2 2  hundred gauss w a s  measured. A se t  of 
s p e c i a l  po le  p i eces  w a s  designed and cons t ruc ted  t o  f i t  
wi thinothe gap and’ provide t h e  proper  magnetic f i e l d  f o r  
t h e  60 20 c m  momentum s e p a r a t o r  geometry. These s p e c i a l  
caps had a 1 c m  gap, a 20 cn mean rad ius6  a 1 6 . 5  c m  i n n e r  
r a d i u s ,  a 23.5 c m  o u t e r  r a d i u s ,  and a 60 gec to r .  Thus 
t h e  ion  en t rance  and e x i t  faces w e r e  a t  60 angles  t o  
each o t h e r ,  normal t o  t h e  ion  beam, and w e r e  7 c m  wide. 
The caps w e r e  t apered  on both t h e  i n n e r  and o u t e r  r a d i a l  
-27- 
f a c e s  up t o  a 1 0  c m  width and mounted on t h e  1 / 2  i n .  t h i c k  
o r i g i n a l  po le  cap p l a t e s .  These s p e c i a l  po le  caps w e r e  
machined on a l a t h e  f r o m  a s i n g l e  r i n g  of type  5-20 mild 
s teel ,  then  t h e  two 60° s e c t o r s  c u t  ou t .  This machining 
technique proved remarkably economical and q u i t e  s a t i s f a c -  
t o ry .  The o r i g i n a l  design approach w a s  t o  provide t h e  
maximum' uniform magnetic f i e l d  throughout t h e  requi red  
volume w i t h  t h e  given permanent magnet and through a d j u s t -  
ments of t h e  ion  energy accordingly t o  p l a c e  m a s s  45 i n  
the  p r i n c i p a l  focus.  However, s e v e r a l  f a c t o r s  forced  an 
a l t e r n a t e  approach bear ing  i n  mind t h e  f a c t  t h a t  a max- 
imum ion  a c c e l e r a t i n g  vol tage  i s  d e s i r a b l e  f o r  a l l  opera- 
t i o n a l  performance parameters.  F i r s t ,  t h e  r e s u l t i n g  
magnetic f i e l d  wi th in  t h e  s p e c i a l  po le  caps turned o u t  t o  
be a 4 8  hundred gauss and secondly when t h e  ion  accel- 
e r a t i n g  energy exceeded 6 k V  a r c i n g  occurred i n  e i t h e r  the  
ion  source  o r  t h e  ion  source Seed through. This forced  
us t o  shunt  the  magnetic f i e l d  down t o  29 hundred gauss 
by means of 1/2 i n .  diameter s o f t  i r o n  rods as shown i n  
t h e  photograph Fig.  8 .  For tuna te ly ,  f i e l d  uniforrfii-ty 
was r e t a i n e d  and mass 45 w a s  then  loca ted  a t  4 4 1 4  v o l t s .  
The ease and s i m p l i c i t y  of cons t ruc t ion  and mounting of 
t h i s  main magnet d i d  n o t  conTprornise the  ion  o p t i c s  i n  any 
way and con t r ibu ted  much t o  t'ne rapid. and econimical 
cons t ruc t ion  of t he  mass spectrometer.  
Dual ion  c o l l e c t o r .  - The dual  i on  beam c o l l e c t o r  
assembly i s  shown i n  t h e  photograph, Fig.  1 6 ,  and t h e  
diagram, Fig.  1 7 .  A Faraday cup arrangement i s  used f o r  
t h e  minor ion  beam (mass 45 o r  4 6 )  a t  t h e  p r i n c i p a l  focus 
p o i n t  w h i l e  a simple f l a t  p l a t e  i s  used f o r  t h e  mul t ip l e  
c o l l e c t o r .  Each c o l l e c t o r  i s  sh ie lded  with ground r i n g s  
and a l s o  with 45 v o l t  supressor  e l ec t rodes .  The s t a i n l e s s  
s teel  i n t e r n a l  p a r t s  w e r e  cl-eaned by d ipping  i n  a mixture 
of 3% hydro f luo r i c  4 0 % n i t r i c  . -  a c i d  p r i o r  t o  assembly. 
The c o l l e c t o r  view shown on t h e  photograph, Fig.  1 8 ,  
i s  from t h e  ion  source  end and shows t h e  ion  burn of mass 
44 af te r  a b r i e f  check o u t  per iod.  From t h i s  t h e  d i spe r -  
s i o n  i s  e a s i l y  shown, as i s  t h e  f a c t  t h a t  p e r f e c t  focus 
w a s  n o t  p re sen t .  Rais ing t h e  c o l l e c t o r  s l i g h t l y  co r rec t ed  
t h e  focuss ing  problem and t h e  c o l l e c t o r  w a s  never aga in  
removed. The electrical  connectors t o  t h e  ion  c o l l e c t o r  
are very c r i t i ca l  and must provide a l o w  no i se  l e v e l  and 
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us ing  s tandard  g l a s s  t o  Kovar vacuum feed  throughs wi th  
e x t r a  length  g l a s s  p o r t i o n s  purchased from t h e  Royal G l a s s  
Apparatus Company of Tulsa ,  Ol~lahoma. 
Ion c u r r e n t  readout .  - The C I 3  i s o t o p e  r a t i o  d i f -  
fe rence ,  6 ,  between two samples of carbon i s  defined. as: 
6 = ( R2 - 1 ) x 1 0 0 0  
R, 
where 13 R = C  - 
If a p a r t i c u l a r  carbon sample i s  e s t a b l i s h e d  as a s tandard  
r a t i o  then  a l l  o t h e r  samples can be  measured re la t ive  t o  
t h i s  s tandard  and 
R2 = c 
C 
r a t io  .for t h e  unknown carbon - 
1 2  sample 
In  a system u t i l i z i n g  carbon d ioxide  as a "working gas" 
t h e  carbon i so tope  r a t i o  i s  a c t y j l l y  measured by comparing 
t?jtt concent ra t ion  of oxidized C 
C i so topes .  With t h e  dua l  i on  c o l l e c t o r  descr ibed  
above t h e  measured r a t i o  i s  given by: 
i so topes  t o  oxidized 
number of m a s s  45 i ons  c o l l e c t e d  
number of mass 44 i ons  c o l l e c t e d  + number of m a s s  46  R =  
i o n s  collected 
Both m a s s  4 4  and 46  appear i n  t h e  denominator because 
they both m u s t  s t r i k e  c o l l e c t o r  2 (Figs .  1 and 18)  when 
m a s s  45 i s  focussed on c o l l e c t o r  1. I n  t e r m s  of t h e  
i s o t o p i c  v a r i a t i o n s  of carbon dioxide p r e s e n t  as i o n s  
s t r i k i n g  t h e  c o l l e c t o r s  t h i s  r a t io  i s  given by: 
13  1 6  1 6  + 12 16017 c 0 0  
c o o  R =  12 1 6  1 6  ~ 13016017 + 12016018 
-32- 
and f o r  s i m p l i f i c a t i o n  can be expressed as 
where 
a = i ons  f a l l i n g  on c o l l e c t o r  1 
b = i ons  f a l l i n g  on c o l l e c t o r  2 
S u b s t i t u t i n g  t h e s e  symbols i n t o  t h e  expression f o r  6 one 
ob ta ins  
a2/b2 -1) x 1 0 0 0  
( a J b 1  
6 =  
If oxygen i so tope  r a t i o s  of t h e  s tandard  and the  sample 
a r e  i d e n t i c a l  and t h e  denominators bl and b2 a r e  made equal 
during t h e  measurements of t h e  s tandard  and sample gas 
r a t i o s ,  the  expression f o r  6 reduces to:  
a 
-1) x 1000 
Note: 
The above expression i s  n o t  s t r i c t l y  t r u e  because 
of t h e  unce r t a in ty  of t h e  c o n t r i b u t i o n  of t h e  
c o  1 6 0 1 7  t o  b - and t h e  r e l a t e d  unce r t a in ty  of t h e  
c o n t r i b u t i o n  of t h e  C12016017 i o n  t o  a .  I f  no C 
spec ie s  were p resen t  i n  t h e  denominator, matching 
bl t o  b2 would a l s o  match t h e  c o n t r i b u t i o n  of t h e  
C12016017 i on  t o  a and a and 6 would be e x a c t l y  
def ined.  
f a c t o r  can be determined from t h e  cons t an t  oxygen 
i so tope  r a t i o s  and the range of CL3  ra t ios  known 
t o  occur and i s  found t o  be less t h a n  0 . 1  p a r t s  
pe r  m i l l i o n .  This  error is  of no consequence s i n c e  
t h e  o v e r a l l  instrument  des igns  l i m i t s  p r e c i s i o n  t o  
520 p a r t s  per  mi l l i on .  
1 3  
2 The maxirftum unce r t a in ty  due t o  t h i s  
The ion c u r r e n t  readout  system must, t h e r e f o r e ,  be 
capable of performing two primary func t ions :  (1) t o  
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provide a means of balancing t h e  c o l l e c t o r  2 ion  c u r r e n t s  
with high p r e c i s i o n  and ( 2 )  t o  provide an accu ra t e  and 
h ighly  p r e c i s e  means of determining t h e  r e l a t i v e  va lues  
of t h e  ion  c u r r e n t s  c o l l e c t e d  on c o l l e c t o r  1 f o r  t h e  
s tandard  sample gas.  
T h e  ion  c u r r e n t  readout  system i s  shown i n  t h e  block 
diagram of Fig.  1 and schemat ica l ly  i n  Fig.  1 9 .  This  
p a r t  of t h e  system is  unique t o  i so tope  r a t i o  d i f f e r e n c e  
mass spectrometers .  Two i d e n t i c a l  v i b r a t i n g  reed e l e c t r o -  
meters (Cary Model l Z O l ) ,  a Kelvin-Varley Decade Divider 
(General Radio Model 1 4 5 4 - A H ) ,  a buckout-error c i r c u i t  
f o r  e lec t rometer  no. 2 ,  and a recorder  s e l e c t o r  s w i t c h  
c o n s t i t u t e  t h e  e n t i r e  readout  system when connected a s  
shown 
Only e l ec t rome te r  no. 2 and t h e  buckout-error 
c i r c u i t  a r e  used t o  balance t h e  ion  c u r r e n t s  f a l l i n g  on 
c o l l e c t o r  2 from t h e  standard. and sample gases .  The 
e l e c t r o n i c  c u r r e n t  produced by the  ion  beam s t r i k i n g  t h e  
c o l l e c t o r  i s  f e d  t o  e lec t rometer  no. 2 which produces a 
0-30 v o l t  p ropor t iona l  s i g n a l  ac ross  i t s  output  vo l tagg  
d i v i d e r .  The s w i t c h  shown t o  t h e  l e f t  of m e t e r  M 1  
d i v e r t s  t h i s  ou tput  s i g n a l  t o  t'ne c e n t e r  zero 50 mA m e t e r  
Nl. An equal  b u t  oppos i te  p o l a r i t y  s i g n a l  i s  appl ied  t o  
t h e  o t h e r  s i d e  of M 1  by c l o s i n g  switch S l  and a d j u s t i n g  
potent iometer  R 1 4  t o  g ive  a zero reading  on M 1 .  Switch 
S2 i s  used t o  vary t h e  m e t e r  range so t h a t  t h e  c i r c u i t  
may be  balanced w i t h  a g r e a t e r  p r e c i s i o n  us ing  t h e  h igher  
s e n s i t i v i t i e s .  When balanced on t h e  0 . 1  v o l t  range t h i s  
c i r c u i t  i s  capable  of i n d i c a t i n g  changes i n  e lec t rometer  
ou tput  of *l mV. 
an 1 8  v o l t  ou tpu t  s i g n a l  on electrometer no. 2 so t h a t  it 
i s  p o s s i b l e  t o  match t h e  s i g n a l s  produced by t h e  s tandard  
and sample gas wi th in  one p a r t  i n  9000 .  
Typical  ope ra t ing  parameters produce 
When t h e  s tandard  and sample ion  c u r r e n t s  are matched 
€or c o l l e c t o r  2 (bl = b2) t h e  buckout-error c i r c u i t  i s  
turned o f f  and t h e  recorder  s e l e c t o r  switch S 3  is  placed 
i n  t h e  BAL p o s i t i o n  t o  determine t h e  r e l a t i v e  i n t e n s i t i e s  
of t h e  ion  beam c o l l e c t e d  by c o l l e c t o r  1 fo r  t h e  s tandard  
and sample gas. The output  s i g n a l  from e lec t rometer  no. 
2 i s  now tapped o f f  a t  t h e  one v o l t  l e v e l  on t h e  e l c c t r o -  
m e t e r  d i v i d e r  and f ed  t o  t h e  i n p u t  J1 of t h e  decade 
a t t e n u a t o r .  ( N o t e  t h a t  t he  ion  b e a m  conta in ing  n e a r l y  a l l  
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t h e  m a j o r  i so tope  i s  f e d  t o  e l ec t rome te r  no. 2 ) .  The 
decade a t t e n u a t o r  s e rves  as a simple vo l t age  d i v i d e r  with 
one end r ece iv ing  t h e  ''high" vo l t age  s i g n a l  and t h e  o t h e r  
end going t o  ground and t h e  c e n t e r  t a p  ou tpu t  J 4 .  
decade a t t e n u a t o r  ou tput  i s  connected v i a  53 t o  t h e  feed- 
back resistor R 1 5  a t  t h e  i n p u t  t o  electrometer no. 1. 
Electrometer no. 1 thus  has  t w o  i npu t s :  one from collec- 
t o r  1 and the  a t h e r  of oppos i te  p o l a r i t y  through R 1 5  from 
t h e  a t t e n u a t o r .  I f  t h e s e  two s i g n a l s  are exac t ly  ba l -  
anced they  w i l l  cance l  each o t h e r  and cause t h e  output  
of e lec t rometer  no. 1 t o  read exac t ly  zero  when t h e  range 
switch i s  on t h e  0.3V. The decade a t t e n u a t o r  s e t t i n g  
r equ i r ed  t o  balance o r  n u l l  t h e s e  two s i g n a l s  i s ,  the re -  
f o r e ,  d i r e c t l y  p ropor t iona l  t o  t h e  ion  beam c o l l e c t e d  by 
c o l l e c t o r  1 (previous ly  designated a) , o r  mathematically: 
The 
a = kA 
where k i s  a p r o p o r t i o n a l i t y  cons tan t .  Th i s  n u l l  method 
r e q u i r e s  t h a t  t h e  zero d r i f t  c h a r a c t e r i s t i c s  of e l e c t r o -  
meter no. 1 be extremely good. The a t t e n u a t o r  s e t t i n g s  
(A1 and A2) r equ i r ed  t o  balance t h e s e  two inpu t s  i s  de te r -  
mined f o r  both t h e  s tandard  and sample ?as, r e s p e c t i v e l y ,  
and s i n c e  t h e  p r o p o r t i o n a l i t y  cons t an t  i s  i d e n t i c a l  can 
be used. t o  c a l c u l a t e  6 a s  shown below: 
a = kA2 2 a = kA 1 
kA 6 = (2 -1) x 1000  
kAl 
There a r e  s e v e r a l  f a c t o r s  causing k t o  d e v i a t e  from u n i t y  
and t o  be  so  unpredic tab le  t h a t  a c t u a l  i n t e n s i t i e s  cannot 
be determined. These inc lude  d i v i d e r  l i n e a r t y ,  i nde te r -  
minate d i v i d e r  a t t e n u a t i o n ,  feedback resistor va lue ,  
whether t h e  measurement i s  a c t u a l l y  m a d e  a t  a n u l l  posi-  
t i o n ,  i on  t ransmiss ion  and c o l l e c t i o n  e f f i c i e n c i e s ,  
c o n t a c t  p o t e n t i a l s ,  etc. 
The ion  c u r r e n t  readout system can a l s o  be used as 
an ion  c u r r e n t  monitor t o  measure t h e  beam c o l l e c t e d  on 
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e i t h e r  collector:  This i s  accomplished by reading t h e  
outputs  d i r e c t l y  o f f  t h e  e lec t rometer  meters wi th  t h e  
selector swi tch  53 i n  t h e  OFF pos i t i on .  E i t h e r  of t h e s e  
outputs  can be recorded by p l ac ing  s e l e c t o r  switch 5 3  i n  
t h e  no. 1 o r  no. 2 p o s i t i o n s .  This mode i s  used i n  
a l i g n i n g  and focusing t h e  m a s s  spectrometer .  The b x k o u t -  
error c i r c u i t  can a l s o  be used t o  ga in  more p r e c i s e  
alignment and focusing.  
I N S  TRUMEMTAL OPE RATING PROCEDURES 
AND PARAMETERS 
Sample Prepara t ion  System 
Tank oxygen i s  f i r s t  g u r i f i e d  by pass ing  it over  
copper oxide heated t o  700 C .  T h e  copper oxide used i n  
both furnaces  of t h e  sample p repa ra t ion  subsystem was 
prepared by ox id iz ing  e l e c t r o l y t i c  copper us ing  t h e  same 
tank of oxygen subsequently used f o r  combusting samples. 
Each furnace conta ins  approximately 2 5  g of t h e  copper 
oxide.  The furnace e f f l u e n t  is  passed through t h e  l i q u i d  
n i t rogen  cooled t r a p  T l  t o  remove any condensable i m -  
p u r i t i e s .  The p u r i f i e d  oxygen i s  then s t o r e d  and measured 
i n  t h e  oxygen s t o r a g e  bulb and connecting l i n e s .  
A weighed s o l i d  sample i s  placed i n  a p r e f i r e d  
alundum combustion boa t  and placed i n  t h e  loading tube 
j u s t  ou t s ide  t h e  combustion furnace.  Enough sample i s  
used t o  produce approximately two standard- cubic  c e n t i -  
meters of carbon dioxide.  A cover is placed over t h e  
s tandard  t a p e r  j o i n t  using s l i g h t  h e a t  and only enough 
Apiezon N grease  t o  cover about one-half t h e  length  of 
t h e  ground p o r t i o n  of t h e  j o i n t  a f t e r  vacuum i s  achieved. 
A magnetic push-rod i s  loaded i n t o  t h e  j o i n t  cover as it 
i s  p u t  i n t o  p o s i t i o n .  If an excessive amount of grease  
i s  used it w i l l  be drawn through t h e  j o i n t  under vacuum 
and. may contaminate t h e  push-rod. C a r e  must a l s o  be 
taken no t  t o  touch t h e  push-rod, sample b o a t  o r  i n n e r  
su r faces  of t h e  combustion tube when loading  t h e  sample: 
and all grease  must be  c a r e f u l l y  c leaned from t h e  loading  
i n l e t  cover when removing t h e  sample. This  ks done by 
using tongs and a good l abora to ry  t i s s u e  such as Kimwipes 
f o r  grease  removal. S l i g h t  hea t ing  g r e a t l y  f a c i l i t a t e s  
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grease  removal. Solvents  cannot be  used as they i n v a r i -  
ab ly  end up i n  t h e  furnace as a contaminant. T h e  furnace 
and combustion t r a i n  are then  pumped t o  a vacuum of less 
than  one micron t o  remove atmospheric pressure .  
I n  a d d i t i o n  t o  t h e  copper oxide the  combustion 
furnace a lso con ta ins  about f i v e  grams of f i n e  s i l v e r  
wool. The si lver wool i s  placed i n  a p o r t i o n  ofo the  
furnace  which maintains  a temperature of 508-600 C 
t h e  sample combustion p o r t i o n  is  a t  900-950 C. The s i l v e r  
wool removes any s u l f u r  p re sen t  by gonvert ing it t o  the  
s u l f a t e  which w i l l  decompose a t  635 C ( 8 ) .  The brown 
b lack  oxide of manganese, lvln 0 3 ,  w i l l  a l s o  se rve  t h i s  
purpose, b u t  is more d i f f i c u ? t  t o  ob ta in  and handle.  
removal of s u l f u r  i n  some manner i s  e s s e n t i a l  s i n c e  it 
forms s u l f u r  d ioxide  and s u l f u r i c  a c i d  which a r e  co r ros ive  
and make high p r e c i s i o n  m a s s  spec t romet r ic  i so tope  r a t i o  
measurements nea r ly  impossible.  
when 
The 
Upon achieving a good vacuum the-combustion t r a i n  i s  
valved o f f  and f i l l e d  t o  approximately 20 cc of oxygen 
which i s  a f a c t o r  of t e n  excess  f o r  two s tandard  cubic  
cent imeters  of product  carbon dioxi’de. Since t h e  vapor 
p re s su re  of oxygen i s  only 15  c m  a t  l i q u i d  n i t rogen  
temperature (-196OC) , t h i s  may r e q u i r e  handl ing l i q u i d  
oxygen i n  t r a p  T1. The requi red  amount of oxygen i s  
previous ly  s t o r e d  i n  t h e  s to rage  volume by warming T 1  and 
i n  our  s p e c i f i c  case, l e t t i n g  the l i q u i d  oxygen evaporate  
u n t i l  t he  p re s su re  i s  obtained. I t  w a s  shown t h a t  no 
condensable gases are c a r r i e d  over  by t h i s  pgocedure. 
The main combustion furnace i s  heated t o  950 C and the  
Toepler pump i s  ac tua ted  t o  cyc le  t h e  gas ,  The sample 
i s  then  thrown i n t o  t h e  furnace using a magnet and t h e  
magnetic push-rod and the  push-rod i s  withd-rawn. 
n i t rogen  i s  placed on t r a p  T2 t o  condense t h e  carbon 
d ioxide  as it i s  produced. Carbonomonoxide has  an 
apprec iab le  vapor p re s su re  a t  - 1 9 6  C and is  rec i rcu la ted-  
u n t i l  completely oxidized. Upon completion of combustion 
t h e  t r a p  T2 i s  i s o l a t e d  from t h e  furnace and excess  
oxygen pumped away. The carbon d ioxide  i s  d i s t i l l e d  from 
t h e  t r a p  us ing  a d ry  ice-methoxy propanol ba th ,  f rozen  
i n t o  t h e  co ld  f i n g e r ,  measured by t h e  manometer, and 
t r a n s f e r r e d  t o  t h e  carbon d ioxide  removal bulb.  When 
burning d i f f i c u l t y  combustible samples such as carbonace- 
ous chondr i t e  me teo r i t e s ,  it is  w i s e  t o  check f o r  complete 
Liquid 
-38- 
combustion by c y c l i n g  t h e  gas through t h e  t r a i n  w i t h  
l i q u i d  n i t rogen  on T2 t o  see i f  a d d i t i o n a l  carbon d ioxide  
i s  t rapped pu t .  Combustion t i m e  f o r  samples w i l 1 , v a r y  
from 30 minutes t o  t w o  hours depending on t h e i r  n a t u r e  
and i s  d i f f i c u l t  t o  p r e d i c t  f o r  geochemical samples. 
The furnace h e a t e r  i s  turned 'off  and t h e  furnace 
cooled t o  room temperature be fo re  opening t o  load t h e  
next  sample. This  and t h e  prod-uction of t h e  copper oxide 
from copper f o i l  and tank oxygen e l imina te  oxygen exchange 
between t h e  copper oxide and atmospheric oxygen and 
e l imina te s  t he  unce r t a in ty  i n  r e s u l t s  due t o  t h i s  exchange 
as descr ibed  by Cra ig  ( 9 ) .  The sample p repa ra t ion  t i m e  
us ing t h i s  method i s  approximately 75 min p l u s  combustion 
t i m e ,  15  min t o  load t h e  sample and pump o u t  t h e  furnace! 
30 min t o  h e a t  t h e  furnace,  and 30 min t o  cool  t he  furnace.  
The product carbon d ioxide  is  i s o l a t e d  and placed i n  t h e  
bulb w h i l e  t h e  furnace i s  cool ing.  
The sample combustion procedure us ing  t h e  a l t e r n a t e  
sample p repa ra t ion  subsystem i s  as fol lows.  With t h e  
heated furnace lowered t h e  combustion tube  i s  removed by 
breaking t h e  O-ring s e a l  while  maintaining vacuum i n  t h e  
remainder of t h e  system. The sample is  loaded i n t o  t h e  
sample holder  and placed i n t o  t h e  tube  t ak ing  c a r e  n o t  t o  
touch any of t h e  i n t e r i o r  p o r t i o n  w i t h  ba re  f i n g e r s .  
Laboratory t i s s u e s  or tongs can be used t o  accomplish t h i s .  
The tube  i s  then  s e a l e d  t o  t h e  vacuum system by clamping 
the O-ring seal and t h e  atmospheric gases  removed through 
t h e  rough and high vacuum l i n e s  u n t i l  t h e  p re s su re  i s  
below 25 microns. Oxygen is  then  admitted t o  t he  furnace 
t o  a p res su re  of 35 cm.  The tube is  then i s o l a t e d  by 
c l o s i n g  t h e  stopcock above it and t h e  h o t  furnace r a i s e d  
t o  begin h e a t i n g  t h e  sample. Af t e r  1 0  min has  e lapsed 
l i q u i d  n i t rogen  is  placed on t h e  co ld  S inger  t o  condense 
t h e  product  carbon dioxide.  T h e  f i n g e r  i s  l e f t  w a r m  f o r  
f i r s t  1 0  min t o  prevent  condensing any products  of incom- 
p l e t e  combustion such as a lcohols  or  ketones.  The sample 
is then burned f o r  an a d d i t i o n a l  10-20 min. T e s t s  fo r  
completeness of combustion given i n  Table 2 show t h a t  no 
type of sample r e q u i r e s  more than 30. min &ta l  combustion 
t i m e  i n  t h i s  furnace.  The furnace is  lowered and t h e  tube 
cooled t o  ambient with a s m a l l  blower. A d ry  ice-so lvent  
ba th  i s  placed on t h e  U-trap and a l i q u i d  n i t rogen  ba th  
on t h e  second co ld  f i n g e r .  The l i q u i d  n i t rogen  i s  removed 
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TABLE 2 
TIME R E Q U I R E D  FOR COMPLETE COMBUSTION 
I n i t i a l  Addi t iona l  CO 
Combustion produced f o r  i o u b l e  t h e  
T i m e  - i n i t i a l  combustion t i m e  Sample Type 
Carbonaceous Chondrite 










60  min < 5 x t o r r  
50’  min < 5 x t o r r  
40 min < 5 x t o r r  
30 min < 5 x t o r r  
15 min 40 x l o m 3  t o r r  
30 min < 5 x t o r r  
15 min < 5 x t o r r  
30 min < 5 x t o r r  
15 min 1 2  x t o r r  
30 min < 5 x t o r r  
15 min < 5 x l o w 3  t o r r  
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from t h e  f irst  co ld  f i n g e r  a l lowing t h e  product  carbon 
d ioxide  t o  evaporate ,  
gauge no. 1 i n d i c a t e s  t h e  completeness of carbon d ioxide  
evaporat ion and t h e  s t a r t  of evo lu t ion  of w a t e r  vapor 
from t h e  f i r s t  co ld  f i n g e r .  Shor t ly  t h e r e a f t e r  t h e  
p re s su re  reading  on thermocouple gauge no. 2 reaches less 
than one micron. A t  t h i s  t i m e  t h e  stopcock i n  f r o n t  of 
t h e  second co ld  f i n g e r  i s  closed thereby  i s o l a t i n g  t h e  
product carbon d-ioxide. Cold f i n g e r  no. 2 i s  then warmed 
a-nd t h e  carbon d ioxide  p re s su re  measured by manometer no. 
2.  During t h i s  warming t h e  furnace stopcock can be c losed ,  
a new sample loaded i n t o  combustion tube ,  t h e  U-trap 
cleaned.; and t h e  combustion tube  pumped o u t v  recharged, 
and t h e  next  run s t a r t e d .  Af t e r  t h e  carbon dioxide 
p re s su re  i s  measured it i s  t r a n s f e r r e d  t o  a c o l l e c t i o n  
bulb  f o r  subsequent r a t i o  determinat ion.  
A p re s su re  minimum on thermocouple 
The a l t e r n a t e  sample prepara t ion  technique has 
proved t o  have s e v e r a l  advantages over  t h e  o l d e r  Craig- 
type procedure. The complete sample p repa ra t ion  proce- 
dure r e q u i r e s  only 40 mins. The combustion tube i s  e a s i l y  
a c c e s s i b l e  f o r  r o u t i n e  in spec t ion  o r  c l ean ing  and can be 
e a s i l y  replaced.  The sample can be observed during vacuum 
pump down. There i s  no need f o r  a Toepler pump t o  cyc le  
t h e  combustion gases  because of t h e  much smal le r  volume 
involved.. The vacuum system r e q u i r e s  f e w e r  components 
and i s  considerably less expensive than  t h e  o l d e r  type.  
The foremost advantage, however, is  t h e  s i m p l i c i t y  of 
opera t ion  which allows r e l a t i v e l y  inexperienced ope ra t ing  
personnel  t o  achieve h igh ly  reproducib le  r e s u l t s  i n  a 
s h o r t  t i m e .  
Sample I n l e t  System 
The carbon d ioxide  "working gas" i s  placed i n  t h e  
working volume above t h e  mercury p i s t o n s  on t h e  high 
p res su re  s i d e  of t h e  c a p i l l a r y  leaks by f r e e z i n g  i n t o  t h e  
co ld  f i n g e r s .  The c a p i l l a r y  l eaks  c o n t r o l  and reduce t h e  
gas flow t o  a va lue  which w i l l  l i m i t  the ion  source p re s s3  
u r e  t o  va lues  below i t s  maximum ope ra t ing  p res su re  of 10  
t o r r  without  f r a c t i o n a t i n g  t h e  gas.  The working volume 
(about 1 0  m l )  and p res su re  (3-5 c m )  above t h e  l eaks  i s  
such t h a t  t h e  flow through t h e  l eaks  i s  e s s e n t i a l l y  con- 
s t a n t  wi th  t i m e  dur ing  t h e  r a t i o  measurement on t h e  m a s s  
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s p e c t r q y j t e r .  
5 x 1 0  moles/sec f o r  t h e s e  leaks .  The mercury p i s t o n s  
are ad jus t ed  so  t h a t  mass 4 4  beam i n t e n s i t y  i s  i d e n t i c a l  
for  both sample and s tandard  and does n o t  f l u c t u a t e  dur ing  
switching. This i s  done by a c t u a t i n g  t h e  switching valve 
t o  d i r e c t  f i r s t  s tandard  and then  unknown sample gas i n t o  
t h e  i o n  source and no t ing  t h e  beam i n t e n s i t y  on t h e  
mul t ip l e  beam e lec t rometer .  The buckout c i r c u i t  descr ib-  
ed earlier i s  used f o r  t h i s  balancing opera t ion  i n  high 
p r e c i s i o n  work. I n  a l l  cases both gases  experience t h e  
same flow and p res su re  condi t ions .  This i s  accomplished 
by reproducing t h e  source pathway with a w a s t e  gas  path- 
way. Both pathways te rmina te  i n  t h e  s a m e  ion  pump. When 
t h e  sample and s tandard  beam i n t e n s i t i e s  a r e  equal  no 
r e l a t e d  c o r r e c t i o n  i s  needed i n  reducing t h e  m a s s  spec t ro-  
m e t e r  d a t a  ( 9 ) .  Upon achieving equal  flow of s tandard  
and sample gas ,  r a t i o  record ing  can begin.  
The measured flow a t  3 c m  p re s su re  was 
Mass Spectrometer 
The f i r s t  s t e p  i n  making t h e  a c t u a l  r a t i o  measure- 
ment on t h e  mass spectrometer  once t h e  s tandard  and 
sample gas flows are balanced, i s  t h e  alignment of t h e  
ion  beam. The s tandard  gas i s  d i r e c t e d  i n t o  t h e  ion  
source f o r  t h e  alignment. The a c c e l e r a t i n g  vo l t age  i s  
set  a t  4 4 1 4  ( cen te r  of t h e  45 peak) v o l t s  so t he  mass 
45 beam i s  centered  i n  t h e  c e n t e r  cup of t h e  dua l  
c o l l e c t o r .  The e x t r a c t i o n ,  d e f l e c t i o n ,  and focus vo l t ages  
are ad jus t ed  t o  g ive  a maximum mass 45 beam reading 011 t h e  
e lec t rometer .  The readout  system is  then  placed i n  t h e  
r a t i o  record ing  mode.with t h e  vol tage  d i v i d e r  set t o  pen 
a n u l l  reading and t h e  a c c e l e r a t i n g  vo l t age  r ead jus t ed  t o  
t h e  p o s i t i o n  where a one v o l t  change causes t h e  l eas t  
change i n  t h e  n u l l  p o s i t i o n .  This f i n a l  adjustment has  
been found t o  be t h e  most s a t i s f a c t o r y  i n  e s t a b l i s h i n g  
instrument  parameters t o  g ive  t h e  most reproducib le  r a t i o  
measurements. Experience has  shown t h a t  a f t e r  an i n i t i a l  
warm-up per iod  of one hour only t h e  e x t r a c t i o n  vo l t age  
r e q u i r e s  any f u r t h e r  adjustment from sample t o  sample. 
This,  of course,  speaks w e l l  f o r  t h e  design and construc-  
t i o n  of t h e  instrument .  
When t h e  m a s s  spectrometer  i s  proper ly  aligned: t h e  
n u l l  p o s i t i o n  i s  determined by making a trace on t h e  
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r eco rde r  f o r  approximately t w o  min. 
t h e  readout  i s  c a l i b r a t e d  by changing t h e  vo l t age  d i v i d e r  
s e t t i n g  by a few p a r t s  pe r  thousand'and record ing  t h e  
de f l ec t ion - '  The  gas s w i t c h h g  valve i s  then  ac tua ted  t o  
d i r e c t  sam6le gas i n t o  t h e  ion  source with t h e  recorder  
continuously t r a c i n g .  The vol tage  d i v i d e r  s e t t i n g  i s  
quick ly  ad jus t ed  t o  r e t u r n  t h e  recorder  pen as close as 
p o s s i b l e  t o  t h e  t r a c e  p o s i t i o n  f o r  t he  s tandard  gas. T h e  
switching valve i s  ac tua ted  i n  approximately two mins t o  
again d i r e c t  s tandard  gas i n t o  t h e  ion  source.  The switch- 
i n g  between s tandard  and sample i s  repea ted  t h r e e  t i m e s  
ending with s tandard  gas i n  t h e  ion  source.  T h e  vo l t age  
d i v i d e r  i s  then r e tu rned  t o  t h e  o r i g i n a l  s e t t i n g  again 
causing a d e f l e c t i o n  i n  t h e  recorder  trace which provides  
a second determinat ion of t h e  readout  s e n s i t i v i t y .  The 
readout  s e n s i t i v i t y  i s  d i r e c t l y  p ropor t iona l  t o  t h e  flow 
through t h e  leaks .  The flow a c t u a l l y  changes s l i g h t l y  
over a 1 0  min pe r iod  due t o  decreas ing  p res su re  i n  t h e  
working volume above t h e  mercury p i s t o n s  a s  t h e  gas i s  
pumped away. This  e r r o r  i s  averaged o u t  i n  t h e  readout  
s e n s i t i v i t y  c a l i b r a t i o n  procedure descr ibed  above. 
The s e n s i t i v i t y  of 
There are s e v e r a l  o t h e r  ope ra t ing  parameters which 
should be observed t o  ob ta in  t h e  b e s t  p r e c i s i o n  p o s s i b l e  
r a t i o  measurements. The s tandard  gas should have a 
C con ten t  w i th in  1% o r  1 0  p a r t s  per  m i l  (lOo/oo) of t h e  
sample gas. Larger d i f f e r e n c e s  r e q u i r e  t h e  use of addi- 
t i o n a l  banks of r e s i s t o r s  i n  t h e  d i v i d e r  network which 
c o n t r i b u t e  a d d i t i o n a l  error. Severa l  s tandards  must be 
kept  and t h e  s tandard  gas changed when an i n i t i a l  com- 
par i son  shows a d i f f e r e n c e  g r e a t e r  than  lOo/oo. The 
s e n s i t i v i t y  of t h e  readout  system should be high,  p re f -  
e r ab ly  b e t t e r  than  0.250/00 p e r  recorder  c h a r t  d i v i s i o n .  
Since recorder  c h a r t  d -ef lec t ion  cannot be determined t o  
b e t t e r  than 10.1 c h a r t  d i v i s i o n  t h i s  can be t h e  major 
f a c t o r  i n  readout  p rec i s ion .  This s e n s i t i v i t y  i s  d i r e c t l y  
r e l a t e d  t o  ion  beam c u r r e n t  and i s  a func t ion  of t h e  ion  
source e f f i c i e n c y ,  t h e  amount of gas flowing through t h e  
c a p i l l a r y  l eaks ,  and t h e  electrometer range s e t t i n g .  The 
e f f i c i e n c y  of t h e  ion  source used i n  t h i s  s tudy w a s  de t e r -  
mined and found t o  be equal  t o  t h a t  f o r  commercial in -  
struments.  A good ion  source e f f i c i e n c y  is  e s p e c i a l l y  
important  when working with smal l  samples as i n  t h i s  s tudy.  
A t h i r d  factor t h a t  i s  important i s  maintaining low random 
no i se  l e v e l s .  The recorder  traces shown i n  t h e  next  
"3 
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s e c t i o n  i l l u s t r a t e  t h i s  f a c t o r .  When t h e  no i se  l e v e l  i s  
less than  13-4 mV the  l i n e  r ep resen t ing  t h e  t r u e  trace 
i s  f a i r l y  easy t o  determine t o  10.1 c h a r t  d i v i s i o n ,  I f  
t h e  no i se  l'evel i s  on t h e  order  of 27-10 mV it is d i f -  
f i c u l t  t o  determine t h e  t r u e  trace t o  b e t t e r  than 1'0.5 
c h a r t  d i v i s i o n .  The n o i s e  level i n c r e a s e s  f o r  lower 
ranges on t h e  e l ec t rome te r  as t h e  s e n s i t i v i t y  inc reases  
and t h e s e  f a c t o r s  must be  balanced for  t h e  p a r t i c u l a r  
instrument .  The no i se  l e v e l  w a s  minimized by us ing  good 
sh ie ld ing ,  c a r e f u l  soldiering, and t ak ing  g r e a t  care t o  
keep t h e  c o l l e c t o r  feed-throughs c l ean  a t  a11 t i m e s .  
High vol tage  leakage o r  a rc ing  i n  t h e  ion  source i s  a lso 
a source of no i se  and i s  minimized by bakeout. Bakeout 
c leaning  of t h e  c a p i l l a r y  a l s o  minimizes no i se  by sta- 
b i l i z i n g  the  gas flow. Typical ope ra t ing  condi t ions  f o r  
t h e  instrument  are given' i n  Table 3 .  
DATA HANDLING 
A sample of a recorder  c h a r t  t r a c i n g  obtained from 
t h e  r a t i o  record ing  procedure under t y p i c a l  ope ra t ing  
condi t ions  i s  shown on the  r i g h t  i n  Fig. 20 .  Sec t ion  A 
of t h e  t r a c i n g  r e p r e s e n t s  t h e  i n i t i a l  n u l l  p o s i t i o n  with 
s tandard  gas d i r e c t e d  i n t o  t h e  ion  source.  Any depa r tu re  
of t h e  t r a c i n g  from a s t r a i g h t  l i n e  i s  a t t r i b u t e d  t o  
randorn no i se  pu l ses  e i t h e r  generated wi th in  t h e  e l e c t r o n i c  
components o r  con t r ibu ted  by e x t e r n a l  d i s turbances .  The 
t r u e  n u l l  p o s i t i o n  i s  t h e r e f o r e  determined by drawing a 
l i n e  which b i s e c t s  o r  averages these  no i se  pulses .  I t  
w a s  found t h a t  t h i s  can be done most reproducibly by 
using a clear p l a s t i c  s t r a i g h t  edge and drawing t h e  
"average" l i n e  so t h a t  about t h e  s a m e  amount of t r a c i n g  
appears on e i t h e r  s i d e .  The random no i se  i n  t h i s  case 
is approximately $.3 mV and t h e  "average" l i n e  i s  easy t o  
l o c a t e .  Fig.  20 a l s o  shows a recorder  c h a r t  t r a c i n g  
on t h e  l e f t  wi th  random no i se  of approximately 210 mV. 
I t  i s  ev iden t  t h a t  l o c a t i n g  t h e  "average" l i n e  i s  much 
more imprecise  i n  t h i s  case. 
Sec t ion  B of t h e  r i g h t  t r a c i n g  i n d i c a t e s  t h e  de f l ec -  
t i o n  caused by changing t h e  vo l t age  d i v i d e r  s e t t i n g  t o  
c a l i b r a t e  t h e  read-out s e n s i t i v i t y .  Subsequent s e c t i o n s  
(CDErE) of t h i s  t r a c i n g  record t h e  n u l l  p o s i t i o n  as s tand-  
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. TABLE 3 
TYPICAL OPERATING PARAMETERS FOR 
Acce lera t ing  vo l t age  
Ext rac t ion  vo l t age  
Filament c u r r e n t  
Filament emission ( t r a p  c u r r e n t )  
E lec t ron  energy 
G a s  f l o w  
Mass 4 4  + . 4 6  




beam c u r r e n t  
cuxrent  
F 1  range 
81 input. r e s i s t o r  
# 2  input. r e s i s t o r  
Recorder range 
Recorder c h a r t  speed 
Electrometer  #1 Feedback Res i s to r  
THE MASS SPECTROMETER 
4412 v o l t s  
1 0  v o l t s  
4.0 amps 
1 2 0  microamps 
66 vo l t s  
5.0 x LO -lo moles/sec 
1.8 amps 
1 . 4  x LO -11 amps 
300 m v  
1 0 l 2  ohms 
l o l o  ohms 
. L O  mv 
1 in/min 
5 x 10-11 ohms 
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a rd  and sample gas are a l t e r n a t e l y  d i r e c t e d  i n t o  t h e  ion  
source a s  i n d i c a t e d  by t h e  markings on t h e  c h a r t .  The 
numbers refer t o  t h e  s e t t i n g s  on t h e  vo l t age  d i v i d e r .  The 
f i n a l  two s e c t i o n s  (F&G) of t h e  t r a c i n g  are t h e  second 
s e n s i t i v i t y  c a l i b r a t i o n  descr ibed  previous ly .  Average 
l i n e s  a r e  drawn through each po r t ion  of t h e  t r a c i n g  and 
t h e i r  s epa ra t ion  measured by a scale. 
s e n s i t i v i t y  can then be c a l c u l a t e d  a s  below: 
The readout  
C.D. = average c h a r t  d e f l e c t i o n  taken from t r a c i n g  
R1 = i n i t i a l  vo l t age  d i v i d e r  s e t t i n g  
R2 = new vo l t age  d i v i d e r  s e t t i n g  
3 - S e n s i t i v i t y  (s)  = '1 R2 x $0 
C D  .
R2 \ 
This f a c t o r  i s  used t o  c o r r e c t  t h e  r a t i o  c a l c u l a t e d  from 
t h e  vo l t age  d i v i d e r  s e t t i n g s  when t h e  sample and s tandard  
n u l l  p o s i t i o n s  a r e  n o t  i d e n t i c a l .  The measured r a t i o  
d i f f e r e n c e  between t h e  sample and s tandard  can b e  d e t e r -  
mined from t h i s  d a t a  s i n c e  t h e  system i s  designTg and 
operated so t h a t  a l l  f a c t o r s  are f i x e d  except  C con ten t  
i n  t h e  sample and i s  c a l c u l a t e d  as follows: 
Rs = n u l l  vo l t age  d i v i d e r  s e t t i n g  f o r  s tandard  gas 
I1 I1 11 - I1 
RU - *' sample gas 
D = d i f f e r e n c e  i n  s tandard  and sample n u l l  p o s i t i o n s  
from t r a c i n g  
The s i g n  of t h e  f i r s t  t e r m  i s  dependent on t h e  
r e l a t i v e  C con ten t s  and i s  negat ive  i f  t h e  sample con- 
t a i n s l e s s  C I 3  than  t h e  s tandard.  The s i g n  of t h e  second 
t e r m  i s  determined by no t ing  t h e  re la t ive p o s i t i o n s  of 
t h e  s tandard  and sample n u l l  p o s i t i o n s  and keeping i n  
mind t h e  fundamental p r i n c i p l e s  of t h e  r a t i o  readout  
c i r c u i t r y .  This i s  b e s t  i l l u s t r a t e d  by an example. If 
t h e  s tandard  i s  n u l l e d  a t  a vo l t age  d i v i d e r  s e t t i n g  of 
1 0 0 0 ,  t h i s  means t h a t  1 0 %  of t h e  c u r r e n t  developed i n  
t h e  readout  c i r c u i t  by t h e  major i s o t o p e  ipg  beam i s  
requi red  t o  buckout t h e  minor i so tope  o r  C s i g n a l .  If 
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a sample gas i s  n u l l e d  a t  an i d e n t i c a l  p o s i t i o n  with a 
vo l t age  divider s e t t i n g  of 1 0 1 0  then a l a r g e  f rac t ion lgf  
t h e  major i s o t o p e  s i g n a l  i s  r equ i r ed  t o  buckout t h e  C 
s i g n a l .  Since t h e  sample and s tandard  m a j y r  beam in t en -  
sities have previous ly  been matched t h e  C con ten t  o 
t h e  sample is  g r e a t e r  than  t h e  s tandard .  If  t h e  sample 
n u l l  p o s i t i o n  does n o t  co inc ide  with t h e  s tandard  and 
is  t o  t h e  r i g h t  of t h e  s tandard ,  then  t h e  minor i s o t o p e  
has  been overcompensated and t h e  c o r r e c t i o n  should have 
a negat ive  s ign .  A l t e r n a t e l y ,  i f  t h e  sample n u l l  p o s i t i o n  
is  t o  t h e  l e f t  of t h e  s tandard ,  t h e  minor i so tope  i s  
undercompensated and t h e  c o r r e c t i o n  should have a p o s i t i v e  
s ign .  N o t e  t h a t  t h e  zero  p o s i t i o n  f o r  t h e  c h a r t  presented 
i s  on t h e  r i g h t .  
Craig ( 9 )  has  descr ibed  two ins t rumen ta l  c o r r e c t i o n  
factors f o r  m a s s  spec t romet r ic  i so tope  r a t i o  measurements 
of carbon d ioxide  which may be app l i ed  t o  t h e  measured 
ra t io:  (a) a c o r r e c t i o n  f o r  mixture of t h e  sample and 
s tandard  gas i n  t h e  ion  source due t o  improper c l o s u r e  of 
t h e  switching va lues  and (b) ,a c o r r e c t i o n  a r i s i n g  f r o m  
a c o n t r i b u t i o n  ( t a i l i n g )  of t h e  m a s s  4 4  beam t o  t h e  m a s s  
45 and 46 beams. Nei ther  of t h e  c o r r e c t i o n s  are app l i cab le  
t o  t h e  va lues  measured with t h e  instrument  descr ibed  he re  
s i n c e  t h e r e  i s  no measurable l eak  i n  t h e  va lues  and the  
r e s o l u t i o n  i s  s u f f i c i e n t  t o  e l imina te  t a i l i n g .  Cra ig  
has a l s o  considered c o r r e c t i o n  f a c t o r s  based on t h e  
v a r i a t i o n  of oxygen i s o t o p e  r a t i o  d i f f e r e n c e s  between 
t h e  s tandard  and sample gases. These v a r i a t i o n s  i n  oxygen 
i so tope  var ia t i0n.s  were caused by oxygen exchange between 
t h e  CuO c a t a l y s t ,  t h e  tank oxygen, and a i r  oxygen. I n  
t h i s  s tudy any such exchange w a s  e l imina ted  by prepar ing  
t h e  CuO by ox ida t ion  of pure copper wi th  tank oxygen, 
using t h i s  same tank of oxygen f o r  a l l  combustions, 
cool ing  t h e  CuO be fo re  opening t h e  furnace  t o  atmosphere, 
and pumping o u t  a l l  atmospheric oxygen p r i o r  t o  charging 
t h e  furnace  wi th  tank  oxygen, Proper design and opera- 
t i o n  of t h e  measurement system has  r e s u l t e d  i n  measured 
ra t ios  which r e q u i r e  no co r rec t ions .  Measured r a t i o s  
can be converted t o  va lues  relative t o  PDB f o r  t h e  sample 
if values  f o r  t h e  s tandard  re la t ive t o  PDB are known. 
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ACCURACY OF RATIO MEASUREMENTS 
The c loseness  of approach of a number of s i m i l a r  o r  
r e p l i c a t e  r e s u l t s  t o  a common va lue  i n  a series of m, aasure-  
ments is  def ined  a s  t h e  p r e c i s i o n  o r  r e p r o d u c i b i l i t y .  . 
Errors which c o n t r i b u t e  t o  t h e  l ack  of p r e c i s i o n  can be 
broadly c l a s s i f i e d  i n t o  t h 7 0  c a t egor i e s :  (a) determinate  
or  sys temat ic  e r r o r s ,  and (b) inde termina te  o r  random 
e r r o r s .  I n  t he  measurement of i so tope  r a t i o s  as descr ibed  
he re  random e r r o r s  are due t o  t h e  s t a t i s t i ca l  f l u c a t i o n s  
i n  t h e  mass spectrometer  i on  source and e l e c t r o n i c  readout  
system and sys temat ic  e r r o r s  are l a r g e l y  a r e s u l t  of t h e  
sample p repa ra t ion  technique, I n  o rde r  t o  i s o l a t e  t h e s e  
two con t r ibu t ions  r e p r o d u c i b i l i t y  d a t a  w a s  ob ta ined  f o r  
t h e  gas a n a l y s i s  subgystem by making r e p e t i t i v e  measure- 
ments on samples of p u r i f i e d  carbon d ioxide  gas.  The 
s tandard  gas i n  t h i s  gas was 99 .8% p u r i t y  "bone dry" grade 
carbon d ioxide  purchased i n  a l e c t u r e  b o t t l e  and f u r t h e r  
p u r i f i e d  by f r a c t i o n a l  d i s t i l l a t i o n .  I n  t h i s  way any 
erroics c o n t r i b u t i n g  t o  lack  of p r e c i s i o n  w e r e  l i m i t e d  
s t r i c t l y  t o  ins t rumenta l  ope ra t ing  c h a r a c t e r i s t i c s ,  and 
ins t rumenta l  operating- parameters d i scussed  above, w e r e  
ad jus t ed  t o  g ive  maximum prec i s ion .  The u l t i m a t e  p r e c i s i o n  
achieved i s  shown i n  t h e  d a t a  of Table 4 .  
A f t e r  e s t a b l i s h i n g  t h e  gas a n a l y s i s  subsystem 
r e p r o d u c i b i l i t y ,  d a t a  on t h e  a n a l y s i s  of t y p i c a l  s tandards  
w a s  c o l l e c t e d .  This d a t a  served a s  a means of eva lua t ing  
sample p repa ra t ion  techniques s i n c e  any loss of p r e c i s i o n  
over  samples n o t  r e q u i r i n g  such p repa ra t ion  must be 
a t t r i b u t a b l e  t o  sys temat ic  e r r o r s  i n  sample prepara t ion .  
This technique w a s  used t o  develop t h e  sample p repa ra t ion  
techniques descr ibed  i n  above. P r e c i s i o n  obtained f o r  
t h e  Craig-type sample p repa ra t ion  procedures.  are given 
i n  Table 5 .  The s tandards  w e r e  s e l e c t e d  t o  provide in-  
cremental  va lues  -ef approximately lOo/oo so t h a t  i n  sub- 
sequent  analyses  t h e  measured r a w  r a t i o s  would n o t  be 
l a r g e r  than  lOo/oo. Sanples of high p u r i t y  g r a p h i t e  and 
vacuum pump o i l  w e r e  burned t o  ob ta in  much of t h e  d a t a  
used i n  eva lua t ing  sample p repa ra t ion  procedures.  L a t e r ,  
d a t a  w a s  ob ta ined  f o r  e s t a b l i s h i n g  p r e c i s i o n  and accuracy 
of t h e  r a t i o  determinat ions from NBS s tandards  of  o i l  
and o x a l i c  ac id .  I t  is  obvious t h a t  some problem e x i s t e d  
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TA3LE 4 
CARBON D I O X I D E  RATIO MEASUREMENTS 
Measured 
S C ~ ~ . ( O / O O )  * Avg.  2 Std. Dev. (o/oo)  
4-12!. 1 6  
4-12. 21 
4-12.28 







4-14.27 2 0.05 
a qas of unknown isotopic composition 
placed i n  t h e  s tandard  s i d e  of t h e  c a p i i l a r y  i n l e t  l eaks .  
. -50- 
TABLE 5 
EVALUATION OF CRAIG-TYPE SAMPLE COIulBUSTION TECHNIQUES 
D a t e  Sample 
7/4/6 8 Pump O i l  
7/8/6 8 Pump O i l  
7/11/68 Pump Oil 
7/15/68 Pump Oil 
7/23/68 Pump Oil 
7/9/68 Graphi te  
7/9/68 Graphi te  
7/11/68 Graphite 
7/13/6 8 Graphi te  
Measured 











19.36 3. 0.65 
*6C13 re la t ive  t o  a gas of unknown i s o t o p i c  composition 
p laced  i n  t h e  s tandard s i d e  of t h e  c a p i l l a r y  i n l e t  leaks. 
. -51- 
be a l eak  i n  t h e  furnace combustion tube  which ave 
con t r ibu ted  t o  t h i s  imprecis ion.  Resul t s  f o r  t t e r n a t e  
method are given i n  Table 6 and h better p r e  n 
than those  of Table 4. This  prob y i s  due t o  
a d d i t i o n a l  experience of t h e  m a s s  spectrometer  ope ra to r ,  
I t  i s  also apparent  t h a t  t h e  sample p repa ra t ion  procedure 
developed i n  t h i s  l abora to ry  does n o t  a f f e c t  t h e  p r e c i s i o n  
of t h e  r a t i o  measurements. The d i f f e r e n c e s  i n - p r e c i s i o n  
f o r  t h e  o x a l i c  a c i d ,  g r a p h i t e  and o i l  could be  due t o  
two f a c t o r s .  The g r a p h i t e  i s  n o t  a s  pure o r  homogeneous 
as t h e  o x a l i c  a c i d  and s u l f u r  i s  p r e s e n t  i n  t h e  o i l  b u t  
no t  i n  t h e  o x a l i c  a c i d  o r  g raph i t e .  
The N B S  s tandard  o x a l i c  a c i d  and o i l  w e r e  a lso used 
t o  e s t a b l i s h  t h e  accuracy30f t h e  r a t i o  measurement system 
s i n c e  they have known 6C values .  This w a s  done by 
using t h e . o x a l i c  acig3carbon d ioxide  as t h e  s tandard  gas 
and c a l c u l a t i n g  a 6C value  f o r  t h e  o i l  from t h e  measured 
ra t io  da ta .  A t h i r d  s tandard  w a s  e s t a b l i s h e d  by measuring 
t h e  r a t i o  d i f f e r e n c e  between t h e  N B S  o i l  and t h e  p u r i f i e d  
caf9on d ioxide  from the  l e c t u r e  b o t t l e .  
6C value  f o r  t h e  o x a l i c  a c i d  i s  -19.35 - 0.05% vs PDB 
and f o r  t h e  N B S  o i l  the  value i s  -29 .40  0 . 0 5 %  vs PDB. 
The daij3 obtained i n  t h i s  s tudy is  t abu la t ed  i n  Table 7. 
The 6 C  va lues  a r e  c a l c u l a t e d  by adding o f3sub t r ac t ing  
t h e  measured r a t i o  to/frorn t h e  s tandyjd  6C 
t h e  s i g n  i n d i c a t e s .  The measured 6C va lue  f o r  t h e  o i l  
i s  w i t h i n  t h e  error of t h e  accepted v a l u e . i n d i c a t i n g  
t h e  accuracy of t h e  system i s  as good as t h e  p rec i s ion .  
The accepted 
va lue  as 
The above r e s u l t s  show t h a t  t h e  ins t rumenta t ion  and 
ope ra t ing  techniques developed dur ing  t h i s  s tudy are 
capable of producing t h e  high p r e c i s i o n  r a t io  measure- 
ments necessary f o r  t h e  s tudy of meteoritic organic  m a t t e r .  
CONCLUSIONS 
The s c i e n t i f i c  accomplishments of t h i s  research  
e f for t  up t o  t h e  t i m e  of t h i s  r e p o r t  involve  t h r e e  d i s t i n c t  
areas of i n v e s t i g a t i o n ,  The f i r s t  area involved t h e  
eva lua t ion  of a l l  experimental  equipment and techniques 
i n  o rde r  t o  v e r i f y  t h e  v a l i d i t y  of t h e  procedures and 
e s t a b l i s h  va lues  f o r  complete system r e p r o d u c i b i l i t y .  The 
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TABLE 6 
EVALUATION O F  ALTERNATE SAMPLE COMBUSTION TECHNIQUE 















1 NBS Oxalic A c i d  
1 
1 
NBS Oxalic A c i d  
NBS Oxalic A c i d  
Graphi te  
Graphi te  







O i l  NBS-22 
O i l  NBS-22 
O i l  NBS-22 
O i l  NBS-22 
O i l  NBS-22 
O i l  NBS-22 
13 1, 6C13 value of 
2. 6C13 value of 
3 .  6C re la t ive  
Measured 
6C13(0/00) Avg. 2 S t d .  D e v .  
21. 613  
21.663 
~ 1 . 5 6 ~  


















-10 .11  
- 9 .97  
-10.08 2 0 .08  
NBS-22 is -29.40 o/oo vs PDB 
NBS oxal ic  acid i s  -19,350/00 vs PDB 
t o  a gas of unknown i so topic  composition 
placed i n  the  standard side of t h e  capi l la ry  i n l e t  
4. 6C relative t o  t h e  CO combusted f r o m  the  NBS oxal ic  
acid placed i n  t h e  sgandard side of t h e  capillary 
i n l e t  leaks. The actual value f r o m  1 and should be 




ACCURACY O F  RATIO HBASUREMEXTS 
‘ Sa’mp’le Stan’ddrd” 
NBS Oil NBS O x a l i c  A c i d  
NBS O i l  NBS O x a l i c  A c i d  
NBS O i l  NBS O x a l i c  A c i d  
NBS O i l  NBS O x a l i c  A c i d  
NBS O i l  NBS O x a l i c  A c i d  





-10.11 -29 . 46 
- 9.91 -29.26 
SSC’” value for  NBS oxalic acid i s  -19.35% vs PDB. 
A v e r a g e  6CI3 measured = -29.43 2 0.08 Standard D e v i a t i o n .  
A c c e p t e d  6C13 = -29.40 5 0.05 Standard D e v i a t i o n .  
-54- 
second area c 
ra t ios  of some organic  
pr imordial .  
t w o  areas are co 
on t h e  me teo r i t e s  and only prel iminary r e s u l t s  are given.’ 
A supplement t o  t h i s  r e p o r t  w i l l  inc lude  t h e  f i n a l  r e s u l t s  
of t h e  me teo r i t e  s t u d i e s .  
Organic Geochemical Samples 
S t a b l e  carbon i so tope ,  gas chromatograph and m a s s  
s p e c t r a l  ana lyses  w e r e  ob ta ined  and >compared wi th  o t h e r  
‘data on organic  geochemical samples thought t o  be  
pr imordial .  The specimens w e r e  obtained from i n c l u s i o n s  
i n  hydrothermal mineral  d e p o s i t s  of t he  Derbyshire,  
England area. Previous geo log ica l ,  chemical, and phys ica l  
d a t a  suggested a p o s s i b l e  abiogenic  o r  prebiogenic  ex- 
p l ana t ion  of t h e  o r i g i n  and na tu re  of t h i s  material. The 
carbon i s o t o p i c  compositipg of t h e  Derbyshire material i s  
given i n  Table 8. The 6C values  f o r  n a t u r a l  petroleum 
f a l l  i n  t h e  range -220/00 t o  - 3 5 0 / 0 0 .  
TABLE 8 
CARBON ISOTOPE DATA ON DERBYSHLRE SAMPLES 
6CI3 measured 
(o/oo vs PDB) 
’ ’Sarnp‘le Univ. of Houston Woods Hole 
Carboni te  -29.7 
Olef i n i t e  -29.5 
Foxi te  -25.6 





The va lues  given i n  t h e  second column w e r e  ob ta ined  
our  l abora to ry ,  t hose  i n  t h e  t h i r d  column by t h e  
i s o t o p i c  d a t a  a long with hydrocarbon molecular composition 
d a t a  i n d i c a t e  a marked s i m i l a r i t y  between t h e  Derbyshire 
c Laboratory and t h e  f o u r t h  column 
1 labora to ry  as a check. This 
m a t e r i a l  and ord inary  
b i o l o g i c a l  o r i g i n .  
petroleum, thus  implying a 
Meteori te  Samples 
Samples of t h e  Orguei l ,  Mokoia, and Murray meteorites 
are being s t u d i e d  i n  d e t a i l .  These r e p r e s e n t  t h e  Type I, 
I1 and I11 c l a s s i f i c a t i o n s  of carbonaceous chondr i tes .  
The most s i g n i f i c a n t  f e a t u r e o f  r e s u l t s  ob ta ined  t o  d a t e  
i s  t h e  s e r i o u s  e f f e c t s  on carbon i so tope  ra t io  measurements 
t h a t  may be produced when carbonate  is  p r e s e n t  i n  t h e  
me teo r i t e  as e x h i b i t e d  by t h e  d a t a  presented i n  Table 9 .  
The unground sample w a s  burned with no t reatment  and con- 
s i s t e d  of coarse  s i z e d  p a r t i c l e s  on t h e  order of 0 .2  t o  1 
m i n  diameter.  The ground me teo r i t e  w a s  homogenized i n  
a Spex Mixer/Mill €or three minutes us ing  a ceramic con- 
t a i n e r  and ceramic gr inding  b a l l s .  It  appears t h e r e  i s  
a gross inhomogeneity i n  t h e  meteor i te .  It  i s  be l ieved  
t h i s  inhomogeneity i s  due t o  t h e  presence of carbonate  i n  
t h e  me teo r i t e  which has  prev ious ly  been repor ted  by 
Duftjesne ( 1 0 )  , Clayton (11) , has  prev ious ly  repor ted  a 
6C value of 59.4 o/oo f o r  Orguei l  carbonate.  A s i m i l a r  
value of 6 1 . 4 0 / 0 0  w a s  measured i n  our l abora to ry  by a 
phosphoric a c i d  t rea tment  of t h e  meteor i te .  The amount. 
of carbon dioxide produced i n d i c a t e s  t h e  me teo r i t e  con- 
t a i n s  approximately 0 . 3 %  carbonate  carbon by weight .  This 
i no rgan ic  carbonate  carbon would n o t  be expected t o  be 
homogeneously d i s t r i b u t e d  throughout t h e  meteor i te  s i n c e  
it l i k e l y  forms l o c a l l y  as an a l t e r a t i o n  product.  The 
t o t a l  carbon p r e s e n t  i n  Orguei l  i s  on t h e  ordf5  of three 
pe rcen t  and according t o  our  r e s u l t f 3 h a s  a 6C va lue  of 
-11.770/00 vs PDB. Any va lue  of 6C measured wi thout  
removing'the inorganic  carbonate  or adequately homogenizing 
t h e  me teo r i t e  may then  vary cons iderably  depending on t h e  











~c'~(o/oo vs PDB Average 
-8.55 
-12.02 




-11.77 t 0.16 
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